A beam containing a substantial component of both the J π = 5 + , T 1/2 = 162 ns isomeric state of 18 F and its 1 + , 109.77-min ground state has been utilized to study members of the groundstate rotational band in 19 F through the neutron transfer reaction (d,p) in inverse kinematics. The resulting spectroscopic strengths confirm the single-particle nature of the 13/2 + band-terminating state. The agreement between shell-model calculations, using an interaction constructed within the sd shell, and our experimental results reinforces the idea of a single-particle/collective duality in the descriptions of the structure of atomic nuclei.
A beam containing a substantial component of both the J π = 5 + , T 1/2 = 162 ns isomeric state of 18 F and its 1 + , 109.77-min ground state has been utilized to study members of the groundstate rotational band in 19 F through the neutron transfer reaction (d,p) in inverse kinematics. The resulting spectroscopic strengths confirm the single-particle nature of the 13/2 + band-terminating state. The agreement between shell-model calculations, using an interaction constructed within the sd shell, and our experimental results reinforces the idea of a single-particle/collective duality in the descriptions of the structure of atomic nuclei.
The duality of the collective and single-particle descriptions of the structure of atomic nuclei has been recognized for some 60 years. It is perhaps best summarized by an excerpt from the Nobel lecture of Aage Bohr [1, 2] , "It was quite a dramatic moment when it was realized that some of the spectra in the light nuclei that had been successfully analyzed by the shell-model approach could be given a very simple interpretation in terms of the rotational coupling scheme." Central to these comments by Bohr was the "special role" played by the 19 F nucleus, one of the lightest nuclei to exhibit rotational features. At that time, the 19 F spectrum had just been described by both shell-model calculations assuming only a small number of valence nucleons [3, 4] , as well as by a collective model assuming rotational structures [5, 6] .
Since these pioneering calculations, a great deal of work has been done aiming to refine the theoretical description of 19 F [7-15] , not the least of which involved identifying the similarities between wave functions generated from both approaches [16] and the recent accessibility of 19 F to ab initio calculations [17] . Within a collective description, the ground-state rotational band in 19 F exhibits the characteristic staggering, or "signature splitting," of a K = 1/2 rotational structure [18] where a measured static quadrupole moment points towards prolate deformation and the states are linked by relatively enhanced electric quadrupole transitions. The band proceeds from its bandhead, with a spin-parity of J π min =1/2 + , to its terminating state, J π max = 13/2 + . This termination is evidence for the importance of shell structure since this is the maximum spin that can be generated from three nucleons in the sd-shell outside the 16 O core. The nucleus 18 F has a J π = 5 + excited state that consists of two maximally-aligned 0d 5/2 nucleons outside the closed-shell 16 O core [19] . This level has a 162(7)-ns half-life [14] The experiment was performed at the ATLAS facility at Argonne National Laboratory and utilized the HE-LIOS spectrometer [20, 21] , a device designed for measuring transfer reactions in inverse kinematics. A radioactive beam of 18 F at an energy of 14 MeV/u was produced with an intensity of ∼ 5 × 10 5 pps via the inflight technique [22, 23] . The 2 H( 17 O, 18 F)n production reaction was used with an 17 O primary beam (15 MeV/u) at a typical intensity of 60 pnA. A cryogenically-cooled deuterium-filled gas cell (∼80 K and 1.4×10
5 Pa) provided the production target material. The resulting 18 F beam was comprised of ions in both ground and isomeric states. Previous experiments using 18m F beams include those of Refs. [24] [25] [26] [27] [28] . In the present work, the 18m F/ 18g F ratio has been estimated to be 0.56 (8) immediately after production and 0.11 (2) the HELIOS experimental station (details on this estimation are given below).
HELIOS was configured for the observation of protons in coincidence with 19 F from single-neutron transfer reactions, (d,p), on beams of both 18g F and 18m F. The solenoidal field was set to 2.85 T and deuterated polyethylene (CD 2 ) targets with a nominal thickness of 400 µg/cm 2 were placed near the center of the field region. Upstream of the target location, an on-axis position-sensitive Si detector array was installed for proton detection. Protons were uniquely identified from their cyclotron periods after completing a single orbit from the target to the Si detector array. A fast-counting, segmented ionization chamber [29] centered around 0
• was positioned downstream of the target for 19 F recoil detection. Coincidence events between protons and recoiling ions were determined by the relative time difference between the two detectors. Acceptance for protonrecoil events was possible up to ∼5 MeV in excitation energy, covering all but the 11/2 + 1 member in the 19 F ground-state rotational band. The acceptance also included proton center-of-mass angles, θ c.m. , ranging from ∼10-35
• .
Levels in
19 F populated by reactions on the isomeric beam appear shifted by -1.07 MeV relative to groundstate reactions, hence the 'apparent' qualifier in the angle-integrated excitation spectrum of Fig. 1 
MeV)
. In addition, a ∼50 keV shift arises from differences in the kinematics between the two reactions. The Q-value resolution was 280 keV FWHM, driven primarily by the target thickness and the emittance of the secondary beam. The best fit to the data using known 19 F excitation energies [14] is shown in Fig. 1 by the solid grey line.
Angle-integrated cross sections were determined from measured yields for all states identified in Fig. 1 . For the levels that were populated strongly, relative differential cross sections, dσ/dΩ, and angular distributions were also derived and are presented in Fig. 2 . The center-ofmass angle, θ c.m , for each data point in Fig. 2 corresponds to the average angle covered by one set of positionsensitive Si detectors and has an uncertainty of 0.5
• . Upper limits on yields were determined for weaker states by an increase of 5% to the best-fit χ 2 value to the apparent excitation spectrum (Fig. 1) . The cross section for levels populated by the isomeric component of the beam were corrected for the 18m F/ 18g F beam ratio at the HELIOS target.
The relative intensity of the isomeric 5 + component of the 18 F beam compared to the 1 + ground state was estimated by calculating the populations at the gas cell and then accounting for the reduction in the ratio over the flight time of the beam to the target at the HELIOS experimental station. There are no experimental data available for the (d,n) beam-production reaction at the relevant energies and, therefore, the relative strengths of the population of the bound states of 18 F were taken from an analogous 17 O( 3 He,d) proton-transfer reaction [19] . The bulk of the relevant reaction yield proceeds to ten states below the proton separation energy in 18 F. The high-lying states decay by prompt γ-ray emission with known branching ratios to either 18g F or 18m F [14] . The 2 H( 17 O, 18 F)n cross sections were calculated with the distorted wave Born approximation (DWBA) utilizing the Ptolemy code [30] . The DWBA prescription, including the choice of optical-model parameters, was validated through comparisons with available 16 O(d,p) crosssection data at a similar energy (13.15 MeV/u) [31] .
The 18m F/ 18g F ratio at the production gas cell was calculated to be 0.56 (8) . The flight path from the gas cell to the HELIOS experimental station was 16.3 m, and at a beam energy of 14 MeV/u, corresponds to a time of flight of 1.9 T 1/2 of the isomeric state. Hence, the ratio at the HELIOS target was 18m F/ 18g F = 0.11 (2) . The relative single-neutron overlaps (spectroscopic factors) between initial states in 18 F and final states in 19 F, S (isospin factor C 2 = 1), were extracted from the ratio of measured cross sections to those calculated with DWBA. In the standard procedure, the depth of the Woods-Saxon potential was varied to reproduce the binding energy of each final state. The deuteron wave function was calculated with the V 18 potential [32] . A global set of optical model parameters [33] was used to calculate the angular distributions shown in Fig.2 . Angular distributions obtained using a static set of parameters [34] produced similar results within uncertainties.
The S values resulting from best fits of the DWBA calculations to the angular distributions (Fig. 2) , as well as upper limits on the S values determined from ratios of integrated cross sections, are given in Table I while the spectroscopic strengths, (2J i + 1)/(2J f + 1)S, are shown in Fig. 3 . All S values have been normalized to the 3/2 + 1 -18g F transfer spectroscopic factor. Uncertainties on S are due to the choice of optical-model and bound-state parameters of the DWBA calculations. Uncertainty in the deduced 18m F/ 18g F ratio of the beam also contributes for levels which were populated by transfer on the isomer.
The data on the population of the 19 F K = 1/2 + band are clearly present in the apparent excitation energy spectrum of Fig. 1 . As expected from the relatively small isomeric component in our beam, the dominant features in our spectrum are similar to those in Fig. 2 of Ref. [35] and Fig. 5 Table I . Relative spectroscopic factors, S, for levels belonging to the 19 F K = 1/2 + band [14] . All S values are normalized to that of the 1.554-MeV 3/2 
a Shell-model calculations using the USDB interaction [15] . b Includes calculated value of 0.11(2) for the 18 F isomer to g.s. ratio in the secondary beam. c Assumed pure transfer. Table I ).
For the unresolved lowest-lying 1/2 + and 5/2 + levels, single line shapes with = 0 and 2 transfers were assumed, respectively. Due to the limited angular coverage, our measurement is not sensitive to the population of the 0.110-MeV, 1/2 − 1 level. The angular distributions of the 3/2 + and 7/2 + states did not require any sizable contributions (> 5%) from = 0 neutron transfer.
There are structures in the spectrum of Fig. 1 , noticeable between 3-3.8 MeV, a featureless region in the 18g F transfer spectra of Refs [35, 36] . Accounting for the -1.07-MeV shift in apparent excitation energy for the (d,p) reaction on 18m F, there are three previously known levels in this region that are accessible via = 0 or 2 neutron transfer: the 7/2 + 1 (4.378 MeV), 5/2 + 2 (4.550 MeV), and 13/2 + 1 (4.648 MeV) states [14] . Indeed, in the apparent energy spectrum of Fig. 1, lines corresponding to tron transfer, solidifying its population from 18 F in its 5 + isomeric state.
Accessibility to an in-flight beam of 18 F in both its ground 1 + and fully stretched 5 + states has enabled the extraction of (or setting limits on) the relative spectroscopic overlaps of the 1/2 + , 3/2 + , 5/2 + , 7/2 + , 9/2 + and 13/2 + members of the ground-state rotational band of 19 F (Table I and Fig. 3 ). The extracted S value for the 13/2 + state, and its spectroscopic strength exceed those of all other states in the rotational band. This observation confirms the dominant single-particle configuration in this band-terminating state as corresponding to the maximally-aligned state with a π(0d 5/2 )
configuration. This is the first direct measurement of the single-particle nature of a high-spin terminating state. This result, together with the strengths of the levels populated from 18g F, and the upper limits on the strengths of states populated from 18m F, describe the evolution of the single-particle strength of the states in the rotational band as a function of spin, from inception to termination (see Fig 3) .
Comparisons between the extracted S values and strengths of the present work to those calculated by the sd-confined USDB interaction [15] are also given in Table I and Fig. 3 . The calculations are consistent with the experimental values, or limits, even though these incorporate only three valence particles (one proton and two neutrons) and three active orbitals for each nucleon.
The present results highlight the single-particle character of the highest-spin state (13/2 + ) in the rotational band of 19 F by confirming that the associated configuration corresponds to the maximally-aligned, terminating state. Furthermore, we have found that the spectroscopic factors from shell-model calculations are consistent with our experimental values (and limits) for the 19 F states members of the ground-state rotational band. Hence, some 40 years after his seminal statements [1, 2] , A. Bohr's dual interpretation of the 19 F sequence in terms of a collective and/or a single-particle excitation has been reinforced.
In summary, the single-particle character of members belonging to the ground-state rotational band in 19 F, including the terminating 13/2 + state, have been probed in a single measurement via the (d,p) reaction. The relatively large spectroscopic strength observed for the 13/2 + level confirms the wave function purity expected in a maximally-aligned, terminating state. Agreement between shell-model calculation and the experimentally determined spectroscopic factors for the inspected rotational states strengthens the notion of a collective and single-particle duality in the descriptions of the structure of atomic nuclei. The present measurement was possible only through the production of a beam of 18 F whereby a significant fraction of ions resided in their short-lived isomeric state.
